We applied the seawater soft-agar microcosm approach in order to reveal the effects of sodium sulfide on burrowing activity of Capitella sp. I and on bacterial respiratory activity on mucus-lined burrow. The presence of sodium sulfide up to 7 mM in the soft-agar was not detrimental to the burrowing activity and the survival of the worms, but seemed to enhance the secretion of mucus from the worms. Addition of INT into overlying water (0.01% v/v) of the soft-agar microcosms containing the same concentrations of sodium sulfide caused intensive deposition of INT-formazan in the water, on the mucus over soft-agar surface and on the burrow lining. Both image analyses and spectrophotometric determination of the red-color INT-formazan showed a marked increase in the presence of 3.5 mM sulfide. From these results, we concluded that sulfide can promote burrowing activity of Capitella sp. I and thus enhance the bacterial respiratory activity on the burrow lining. These findings will help clarify the possible interaction between Capitella worms and sulfur-oxidizing bacteria in organically-enriched, sulfide rich sediment in natural environments.
Introduction
In organically enriched sediments of coastal environments, bacterial decomposition of organic matter often results in severe oxygen depletion that leads to accumulation of high levels of hydrogen sulfide in the sediment due to sulfate reduction. A few species of small annelids including the polychaetes, Capitella sp. I (Grassle & Grassle 1976) , other members of the Capitella species complex, and spionids often dominate the macrofaunal communities in such sulfide-rich environments in the organically enriched sediments (Pearson & Rosenberg 1978 , Diaz & Rosenberg 1991 . The association between Capitella species and organically enriched sediments has been ascribed to "physiological tolerance to the low oxygen conditions" in organically enriched sediments (Reish 1979) and "life-history adaptations" (Grassle & Grassle 1974) . There is also experimental support for their active selection to organically enriched sediment in larval settlement . Hydrogen sulfide itself may elicit settlement of Capitella larvae (Cuomo 1985) , although the effects are controversial (Dubilier 1988) .
In sulfide-rich sediment, hydrogen sulfide is a potential energy source for some species of benthic animals that harbor the symbiotic chemoautotrophic sulfur-oxidizing bacteria (Smith & Baco 2003) . Although Capitella species do not harbor such endosymbiotic bacteria (Felbeck et al. 1981 , Cuomo 1985 , it is still possible that they may benefit trophically from the supply of labile organic matter produced by chemosynthetic sulfur-oxidizing bacteria in organically enriched sediment. In support of this scenario, Tsutsumi et al. (2001) demonstrated that Capitella sp. I was able to reproduce and grow normally in sediment of very low organic content in the presence of sodium sulfide. They also showed that the worms accumulated 13 C after the addition of stable isotopic carbonate into the sediment to which sodium sulfide was added under dark conditions. From this experimental evidence, Tsutsumi et al. (2001) that the worms took advantage of organic matter derived from chemoautotrophic sulfur-oxidizing bacteria for better survival and growth in the sulfide-rich environment of the organically enriched sediment, providing sulfide/oxygen interfaces in the sediment for increase of sulfur-oxidizing bacteria through their biological activities as "microbial gardeners" (Hylleberg 1975) . Our studies have focused on the mutualistic relationship between Capitella and bacteria in the organically enriched sediment. Recently, Wu et al. (2003) developed a new method to examine the interactions between Capitella sp. I and bacteria in laboratory scale sediment microcosms. The method employs a tetrazolium redox dye, 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT), to stain respiratory-active bacteria in the sediment inhabited by the worms. INT is easily reduced to form insoluble INTformazan crystals by bacterial respiratory chain, and INTformazan accumulates as red colored deposits inside the bacterial cells in response to the activities of respiratory electron transport system (Packard 1985) . Addition of INT into the overlying water resulted in red coloration not only in seawater, but also on amorphous particulate organic matter and sediment structures including protruding tubes and mucous-lined burrow created by the worms. This implies that biogenic structures function as the interfaces where the worms facilitate bacterial activities in the sediment. In order to visualize the interaction between Capitella sp. I and bacteria, Wada et al. (2006) improved the microcosm method by using transparent seawater soft-agar as a substitute for sediment. This improvement allowed three-dimensional visual assessment of the biological activities of the worms and bacterial INT-formazan formation on the burrow lining. Because of its simplicity, the seawater soft-agar also enables us to directly monitor the effects of a given chemical component that is supplemented into the soft-agar on both the burrowing activity of the worms and the bacterial respiratory activity around the burrow.
This study aimed at clarifying the possible mutualistic relationship between Capitella and sulfur oxidizing bacteria in the benthic environment. In the present study, we conducted two experiments with the seawater soft-agar microcosms in order to examine the effects of sodium sulfide on the burrowing activity of the worms and the microbial respiratory activity on the burrow structures. In the first experiment, we visually assessed the burrowing activity of the worms in the presence of different concentrations of sodium sulfide. In the second experiment, we examined the effects of sodium sulfide on the distribution and the degree of INT-formazan deposition in seawater soft-agar. With the results of these two experiments, we discussed behavioral responses of the worm to the presence of sulfide and their consequences to their bacterial respiratory metabolism.
Materials and Methods

Capitella sp. I used for the experiments
Capitella sp. I used for the experiments in the present study was originally collected from the sediment of Kusuura Bay, Amakusa, Kumamoto, Japan. The worms have been reared in the containers with sediment and seawater at the laboratory, being fed periodically with moist fish food pellets. Prior to the following two experiments, we sieved the sediment of the containers to collect the worms.
Experiment 1: Effects of sodium sulfide on the burrowing activity of Capitella sp. I in seawater soft-agar microcosm
We first prepared sodium sulfide solution by dissolving 83.3, 167, 333, 666 and 1,000 mg Na 2 S · 9H 2 O into 50 mL of filtered seawater. Each sodium sulfide solution was filtersterilized with a 0.22 mm filter disk and mixed with 50 mL of 0.7% seawater soft agar molten that had been autoclaved and cooled down to ca. 50°C. The concentrations of hydrogen sulfide that were made in each soft-agar were 3.5, 7, 14, 28, 42 mM, respectively. After 30 mL of the agar molten was solidified in sterile glass vials (35 mm in diameter), filter-sterilized seawater (50 mL) and Capitella sp. I (15 or 20 ind/microcosm) were placed onto the top of the agar in glass vials and incubated for 6 days with aeration at 18°C in dark conditions. In order to minimize evaporation due to the aeration in the overlying water, each microcosm vial was covered with a plastic film, and the volume of the water and its salinity were manually adjusted if necessary throughout the incubation period. Every 12 hours, we observed the conditions of the worms in the vials to confirm how many worms survived. This experiment was done in triplicate.
Experiment 2: Effects of sodium sulfide on INT-formazan deposition in seawater soft-agar microcosm in the presence of Capitella sp. I
In order to examine the effects of sodium sulfide on INTformazan deposition in the seawater soft-agar microcosm, we added 5 mL of 0.1% aqueous solution of INT (Dojindo Corp.) into the overlying seawater of the microcosms under the same sulfide concentration range as the Experiment 1 (3.5-42 mM in seawater agar) three days after the start of the incubation. We used the glass tube (35 mm in diameter) with a silicon stopper at the bottom to make the seawater soft-agar microcosms for this experiment. The final concentration of INT addition to added into overlying water of the microcosm was 0.01% INT (w/v). To examine the distribution of red-colored INT-formazan along the burrow of Capitella in the seawater soft-agar microcosm, the entire microcosms were photographed or observed under a dissecting microscope (SX-40, Olympus). To quantify the total amount of INT-formazan formed in the microcosm, the whole soft-agar (30 mL) was extruded from the glass tube and mixed with the same volume of dimethyl sulfoxide (DMSO) for 20 min at 18°C. The agar-DMSO suspension was then centrifuged for 10 min at 2,000ϫg. Absorbance of the supernatant at 465 nm was determined with a spectrophotometer (model U-3200, Hitachi), and converted to the formazan concentration per 30 mL of soft agar, using a calibration curve that had been obtained from chemically reduced INT (Sigma). Quantitative measurement of INT formazan formed during the incubation period was done once, but we conducted the same experiment twice to confirm the INT reduction in the agar with sulfide.
The image analyses of the red color of INT-formazan were performed with the software, ImageJ 1.33 (http:// rsb.info.nih.gov/ij/index.html) We photographed the seawater soft-agar microcosms containing 0-14 mM sulfide, and determined the maximum depths to which the red-colored burrow reached from the agar surface. After converting the pictures into binary images with discrete edges, we analysed the area of intensive deposition of INT-formazan below the agar surface.
To make detailed observation of the INT-formazan deposition in the seawater soft-agar microcosm, we kept the worms in the microcosms containing 4.2 mM Na 2 S · 9H 2 O. After 7 days of incubation, the whole soft-agar was extruded as sections with 0.5 cm thick, and each section was immersed in sterile saline (3% NaCl) containing 3% formaldehyde for more than 30 minutes. The agar slices were then brought under a dissecting microscope (SX-50, Olympus) to observe and photograph the areas of INT-formazan deposition. Some areas were carefully dissected with sterile blades and forceps, and placed in 100-200 mL of 0.8% NaCl containing 10 mg/mL of 4Ј6-diamidino-2-phenylindole (DAPI). Some of the specimens were then placed on a clean glass slide, covered with a cover slip and examined with a microscope (BX-40, Olympus). We confirmed the INT-formazan deposits in bacterial cells of the specimens under UV and bright-field illumination.
Results
Experiment 1: Effects of sodium sulfide on the burrowing activity of Capitella sp. I and INT-formazan deposition in seawater soft-agar microcosms
We observed moderately enhanced burrowing activities of Capitella sp. I in seawater soft-agar containing sodium sulfide at concentrations of 3.5 and 7 mM compared with control agar (0 mM sulfide) (Fig. 1) . Mucus that was secreted from Capitella in the soft-agar containing these concentrations of sodium sulfide seemed to be more abundant compared with that in the control, although no quantitative data were obtained. Beyond this sulfide concentration range (Ն14 mM), however, the worms showed little or no burrowing activities in the soft-agar and instead tended to be present in the water column overlying the surface of soft-agar, anchoring themselves to the inner wall of the microcosm tube by the excreted mucus material, or moving around along the mucus. Under these conditions, no more than half of the worms survived by the 6th day from the release of the worms into the microcosms (Fig. 2) , indicating toxic or lethal effects of higher concentrations of sodium sulfide to the worms. On the other hand, more than 80% of the worms survived in the presence of 3.5 and 7 mM sulfide by the end of the experiment. overlying water, and over the soft-agar surface at all sulfide concentrations tested (0-42 mM). The degree of red coloration in both overlying water and agar surface tended to become greater with the increase of sulfide concentrations up to 14 mM. Mucus-lined burrow also became red by INTformazan deposits in agar containing sulfide, and most intensively stained at 3.5 mM (Fig. 3) . This is consistent with the results of Experiment 1 in that burrowing activity of the worms was moderately enhanced in soft-agar containing 3.5 and 7 mM sulfide. Results of the image analysis of the red-coloration on the burrow are shown in Table 1 . The maximum depth of the red-stained burrow was nearly 50% deeper in agar containing 3.5 mM sulfide than in the control agar. Similarly, total area of red-stained burrow doubled in the presence of 3.5 mM sulfide relative to that in the control. Spectrophotometric analyses also revealed that the total amount of INT-formazan extracted from the entire soft-agar was more than double in agar containing 3.5 and 7 mM sodium sulfide compared with that of control softagar (Fig. 4) . The changes in the total amount of INT-formazan extracted from the soft-agar over the sulfide concentration range generally corresponded to those in the degree of red coloration assessed visually (Fig. 3, 4, Table 1 ). In the absence of the worms, neither the overlying water nor the soft-agar became visibly red-colored due to INT-formazan deposition (data not shown), implying that INT was not directly reduced by the sulfide in the soft-agar.
To reveal the distribution patterns of INT-formazan deposits on burrow of Capitella sp. I in more detail, we kept the worms in the seawater soft-agar containing 4.2 mM Na 2 S. The burrow reached to the bottom of the microcosm tube, but were mostly distributed within approximately 2 cm in depth. The intensive deposition of the INT-formazan on the burrow lining occurred within the surface layer (Ͻ5 mm) (Fig. 5) . In the subsurface layer, below 5 mm in depth, we observed not only the INT-formazan deposits, but also tiny white granules (WG), of less than 100 mm in diameter as nodules along the burrow (Fig. 5, 6 ). The white granules were also found on fecal pellets. In some parts of the burrow, the white granules were adjacent to or intermingled with the red colored deposits of INT-formazan (Fig. 7) . The magnified image (ϫ400-1,250) of the INT-formazan deposits under the microscope confirmed that the deposition occurred in and around the bacterial cells (data not shown).
Discussion
In the first experiment, we found moderately enhanced burrowing activity and survival of Capitella sp. I in seawater soft-agar containing lower concentrations of sulfide (Յ7 mM). However, we found that burrowing activity and rate of survival of the worms in soft-agar were severely reduced at higher concentrations of sulfide (Ն14 mM). These results imply that adult worms can tolerate at least 7 mM sulfide in agar without extra metabolic costs to keep normal burrowing activity. Previous reports revealed that concentrations up to 2 mM sulfide in seawater had no acute toxic effects on the worm larvae (Dubilier 1988) , whereas 10 mM sulfide was lethal to the most settled larvae (Cuomo 1985) . Present results thus imply that the adult worms are tolerant to sulfide levels that are sub-lethal to the larvae. Positive effects of sulfide on burrowing activity of the worms are consistent with the report by Tsutsumi et al. (2001) in which they showed enhanced growth and survival of the adult Fig. 3 were subjected to the analyses. worms after long-term (6 weeks) supply of sulfide into sediment. Our data provide basic information on a dose-response relationship between sulfide concentration and biological activities of the adult worms. In order to understand impacts of sulfide on Capitella sp. I in more detail, we would need to precisely monitor both pH and sulfide concentration in soft-agar, because sulfide toxicity varies depending on environmental pH (Vismann 1996) .
In the second experiment, we found that the presence of sulfide affected both distribution and amount of INT-formazan deposits in seawater soft-agar. Degree of red-coloration due to INT-formazan deposits in overlying water and agar surface tended to rise with the increase of sulfide in the soft-agar at least up to 14 mM. In contrast, burrow of Capitella sp. I was most intensively stained in red at the lowest amount of sulfide tested (3.5 mM). In the absence of the worms, overlying water and soft-agar had remained nearly colorless regardless of the sulfide concentrations tested, implying that biological activities of the worms are prerequisite for INT-formazan deposition in soft-agar microcosms. As we confirmed that bacterial cells that were present in overlying water, on agar surface and on burrow deposited red crystals of INT-formazan within and around their cell envelopes (data not shown, cf. Wada et al., 2006) , it is apparent that the degree of INT-formazan deposition, and hence red-coloration in seawater soft-agar should reflect the respiratory electron transport activities of bacteria. Distribution patterns of INT-formazan deposits examined by analyzing images of soft-agar were consistent with those chemically determined (Table 1, Fig. 4 ). This provides a basis for development of non-destructive assessment of respiring bacteria associating with burrow.
Even though higher concentrations of sulfide (Ն14 mM) are detrimental to the worms, it does not seem to be the case for bacterial population in soft-agar microcosms. Sulfur oxidizing bacteria or other aerobic bacterial groups in microcosm were likely to be more tolerant to sulfide than were Capitella sp. I, and thus metabolically activated over the range of sulfide concentrations tested. On the other hand, inhibition of burrowing activities of the worms in the presence of higher levels of sulfide directly reduces the area of mucus-lined interface, and blocks the exchange of water between agar surface and burrow. Under this condition, the number of bacterial cells that can be held on the burrow lining will become smaller compared with those under the presence of non-inhibitory levels of sulfide. In addition, if the worms are stranded and die inside soft-agar due to toxic effects of sulfide, bacterial cells that have attached to burrow lining will not be able to obtain a sufficient supply of nutrients and oxygen they would need to multiply and remain metabolically active. As a result, the degree of INTformazan deposition will be considerably dropped in softagar containing higher levels of sulfide.
Besides macroscopic distribution of INT-formazan in seawater soft-agar mentioned above, we also found that INT-formazan was deposited close to or in contact with tiny white granules along the burrow in sulfide-containing softagar (3.5-7 mM) (Fig. 6, 7) . This suggests that the presence of sulfide can promote diversification of micro-sites for respiratory-active bacterial population. Although the chemical nature of the white granules is yet to be determined, they seemed to be deposits of elemental sulfur that had been formed by bacterial sulfide oxidation.
Effects of sulfide on Capitella sp. I in seawater soft-agar microcosms can be greatly different from those in real sediment, as the worms may behave differently in the two environments. However, we believe that the presence of a level of sulfide concentration at which both the burrowing activity and the bacterial respiratory activity are stimulated can explain the association between Capitella species, organically enriched sediments and possibly sulfur-oxidizing bacteria. Besides labile fractions of organic matter, sulfide that is built up in organically enriched sediments can "shock" the metabolism of the worms (Dubilier 1988) , thereby facilitating mucus secretion as well as locomotion of the worms through burrow. This would then lead to the development of suitable microhabitats for the growth of microorganisms including sulfur-oxidizing bacteria, which in return provide additional nutrients for the worms. The nutritional feedback may further enhance the burrowing activity of the worms (Tsutsumi et al. 2001 ).
In conclusion, we have demonstrated that the presence of sulfide (Յ7 mM) was able to enhance the burrowing activity of Capitella sp. I, thereby stimulating bacterial respiratory activity on mucus-lined burrow in seawater soft-agar microcosms. Use of seawater soft-agar microcosms containing chemically defined compounds that are relevant to organically enriched sediments should yield insights into behavior of the worms and their interactions with microorganisms in natural sediments.
